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INTRODUCTION 


Past records and experiences on grain storage show that the moisture 
content of stored grain varies from month to month and from season to season 
during ite storage period, Very often moisture moves from on part of a bin 
of grain to another, This movement of moisture is particularly evident in 
the winter time in bine of relatively large capacity. ‘The result of the 
moleture accumilation is one of the hazards of deterioration in grain storage, 

As tho accumilation of moisture exceeds a maximum limit for safe storage, 
mold begine to develop under favorable temperature condition, Mold grovth 
causes heating and finally spoils the grain, ‘The phenomenon described above 
is known as the moisture migration and has been assumed to be a result of a 
temperature differential which exists in a grain bulk, 

Moisture migration has caused very large losses in stored grain during 
the past years, Anderson et al (1) reported that in Canada increases in 
moisture wore observed in layers at or near the surface of dry grain in 
country elevator annems which held about 30,000 tushels of wheat, The 
trouble was generally discovered in the spring, Carter and Farrar (5) studied 
soybeans of uniform moisture content (12 percent), stored in a watertight 
farm bin, In a fow weeks as a remilt of decreasing external tonperature, 
moisture concentrations of 16 to 19 percent were created in the upper layer 
of beans with a corresponding reduction of moisture in the contal warmer 
talk of the grain, The game trouble has also been encountered in many of the 
vhoat storages of the Commodity Credit Corporation of the United States 
Goverrment (6), 

Fenton (&) tells that in som winters damage due to moisture migration 
in wheat storages is very severe in Kansans, He has observed examples of 


moisture migration on the cool exterior side walls of steol bins, on the 
cold concrete floor, on the ventilating flues in the center of bing and on 
the top surface of the grain, Moisture at the last location is the most 
troublesome and damaging of all. 

The problem has been widely notieed and investigated in recent years, 
The attempt of the previous works wig to determine the causes of the moisture 
migration, to establish a theory to explain the phenomenon, and furthermore, 
to search for a method of preventing it in practical grain storage. ‘The 
purpose of thie study is te determine tho oauses and the limitation of 
moisture migration in stored wheat, 


REVIEW OF LITERATURE 
Moisture in Cereal Grain 


Water which is absorbed by the kernels of cereal grain becomes a part 
of the kernel itself, The terns moisture, moisture content, or water content 
of @ cereal grain have the sane moaning as applying to a grain kernel, In 
order to understand the role of water involved in the problem of niigration in 
grain storage, it is necessary to know the properties of the water which is 
absorbed in various substances of the grain, 

Grain is a biocolloid material; it possesses an organised structure and 
is hygroscopic in nature, Gonorally speaking, there azo three kinds of vater 
in a grain kernel, First, wter which is held in the pores of the natertal 
is classified as free water; it has ite usual properties and the molecules of 
the absorbing substance are not concerned except as a supporting etructure, 
Second, water vhich is more associated with the absorbing substance may be 
Classified as absorbed water, There is an interaction between the water 


noleeules and those of the substance, and the properties of water are in- 
fluenced by the properties of the absorbing substance, Third, wter wiich 

is chentcally combined with the substance may be classified as canbined 
water; it is an integral part of a given substance and no longer possesses 
the properties of ordinary water, This water can be removed only under 
vigorous conditions at times employed for moisture determination. 

The term "bound water" ie sonetines applied to define the water which 
is between the free and the chemically cashined water, Robison and Miynka (1°) 
stated that the term “bound water" carries two implications, Tt implies that 
some water absorbed by the grain is held by forces stronger than those of 
sinple cohesion between water molecules thonselvea, Traditionally, bound 
water alao implies a quantitative stoichiometric relationship between water 
and the absorbing substance, However, there is no definite boundary for the 
bound water, 

Any method vhieh 49 used to determine bound water ie one videh more or 
less arbitrarily selects som point on the adsorption taothorm curve of grain, 
Water present and possessing a relative pressure above this point is called 
"free", while witer adeorbed with a croater energy than that corresponding 
to this point is called "bound", The term "bound water" i¢ thus relative, 
and the methods for the estimation of bound water are arbitrary, 


Factors that Govern the Change of Moisture of Grain Mernel 


A Common phenomenon of cereal grain fs that when it fs exposed to the 
atmospheric alr of constant temperature and relative humidity, a condition 
which never exists for long, its temperature and moisture will both reach a 
condition of equilibrium with the surrounding atmosphere, This mang that 
When the moisture content of a grain is higher than that of equilibriun moisture 


content, it will low moisture, and vice versa, To explain this phenomenon, 
it ic asmmed that the wter within the grain kernel is in molecular form. 
The water molecules exert a cortain pressure on the walle that confine then, 
this pressure is asmmod equal to the vapor pressure of atmosphere at the 
equilibrium condition, Consequently, any condition such as of tenperature 
or noleture that change either one of these pressures thet is originally in 
equillbriua will cause an exchange of moleture betwoon the grain and the 
atmosphere, resulting in a gain or loss of moieture by the grain (Fenton, 7), 

While the atmospheric temperature and tnuxldity change continually, it 
is interesting to note the changes of the moisture in grain kemel, The 
fact that there is no stable boundary betwoon the free and bound water is 
an important factor that affects the chango of grain moisture content, 
Xiesel et al (12) stated that there are three factors aecounting for the 
separation of water from grain colloids: (1) adsorption energy between the 
colloids and the vater, (2) amount of water available, (3) teuperature both 
of the grain and the mdiun, 

The adsorption energy depends on the physical structure of the absorb- 
ing surface and its constitution, as well as on the physical and chomieal 
properties of water, Cathey (14) etadied the water dintent of aindie. tennis 
of vheat, He found the physical difference: in wter content and the mate 
at which they are able to exchange water vapor with the atmosphere, Fisher 
and Jones (10) found the same result by mixing vheats at different moisture 
contents, under strictly sindlar conditions, Dyrun vheat may absorb wmter 
vapor from air at a rate 2° percent faster than soft and starchy Bngligh 
wheat, The results show that the adsorption energy ig a resultant of various 
effects, 


The moisture content of stored wheat ranges fron 10 percent to 14 per- 
cent under normal storage conditions, Moisture content above 13 peresnt is 
considered unanfe for long tine storage. The higher the amomt of free water, 
the higher the wter vapor presaure inside the grain kernel will be, There-~- 
fore, grain at a high moisture content will always tend to lose water to the 
atmosphere provided that the vapor pressure of the grain is greater than the 
vapor pressure in the air, 

Tt has been mentioned above that the moisture content of grain changes 
with the atmosrherie conditions, Tt can be seen that the water inside the 
kernel should have a high mobility, The ratio of the free te bound wter 
should be expected to vary continually with temperature against the back 
ground of constancy in the physical and chemical condition of the colloids, 

The foregoing disoussion my be considered as the fundamental hypothesis 
in regard to the probilen of moisture movement in stored wheat, 


Causes of Moisture Migration 


Moisture migration has been assumed to te a result of tenporature 
differences which occur within a grain tulk, The problem is "by what meang 
does the water vapor move fron the warn to the cold grath?” Otvioudly, the 
process consists of three stages: first, the molsture met be oxtracted from 
the varm grains second, it mst be carried avay from the warm region to the 
cold region; third, it mst be absorbed by the cold grain, The first and the 
last stages can be easily explained by the foregoing discussion; the argument 
remains on the second stage, Pratt (17) aumenrised the previous works and 
stated tvo theories which have been proposed to explain the moisture migration, 
One of them describes it as resulting from moisture being transported through 
the grain bulk in air that is circulated by convection currents, The other 


describes it as resulting from the differences of the partial pressures of 
the water vapor in the air, 

By diffusion process, the water Vapor is transferred from a warm region 
to a cold region through the vapor presmure difference along its path, When 
one part of a grain bulk becomes warmer than an other, a greater pressure & 
exerted by the vapor in that warm part than in the cold part. Diffusion 
processes tend to equalize these pressures through the interstitial air. 
This will cauee the water vapor to leave the warm region and enter the cold 
region, The logs of water vapor in the warm region cauges a lowering of the 
relative humidity. This in turn brings about the condition that cause moisture 
to leave the grain kerne) and enter the air (27). 

In cold regions, the air is humidified by the water vapor coming fron 
warmer regions, Therefore, ite relative humidity increases and an increase 
in moisture content of wheat will be the immediate reou!t, 

The same reasoning may be applied to the convection process oxeept that 
the water vapor vhen leaving the warm region ie by mags transfer, This cawes 
a faster transport of moisture then the diffusion process, In actual eases, 
aa the air was cooled on the sides of bing, it became more dense and settled 
Gown through the grain, The warm air in the center of the grain mass became 
less denso and rose through the grain, This caused an air current to be sot 
up thet followed a path down the sides of the bin and up through the center of 
the bin of grain, 


Factors Which Cause Temperature Differences in Grain Bulk 


The principal causes affecting the temporature differences in a grain bulk 
are (1) the effects of atmosrhorie temperature, (2) the effects of heat produced 
by local pockets of insect infestation, and (3) the effects of heat produced 


by respirations of vheat and micro-organiams due to high and uneven distri- 
bution of moisture content, 

Insect respiration generally oceura in wheat at moisture levels below 
15 percent (13), The temperature may reach a maximum of 100%1080 F, Damp 
grain heating usually cceurs at moisture levels above 15 percent and may reach 
temperatures ae high as 131° F in grain bulk of sufficient size to provide 
adequate ingvlation (13), Thess two sources of hoating are beyond the scope 
of the present study, 

The fact that the grain is a fair thermal ingwlator is the most important 
factor which affects the temperature differences betwen the grain bulk and 
the atmosphere, During the winter tine, when atnospheric temperature falls 
to zero or even lower, the temperature inside o grain bulk of mfficient 
size might be able to maintain a texperature above the freezing point or 
higher (70° to 90° aye not uncommon) by the heat whieh is produced originally 
in the grain by normal respiration of the grain, Once the temperature gradient 
is oot up, tere will be a movement of moisture from the warner to the cooler 
parte of the grain (15 and 16), 

Babbitt (2) used bis data to calculate the effects of daily and annual 
temperature fluctuations of atmosphere on the grain bulk temperatures, fie 
found that (1) if the day-to-night temperature change is about 20°F, the grain 
temperature fluctuation will be reduced to 1°F, i.e, it will be scarcely de- 
tectable at a depth of 5,1 inches, Daily fluctuations, therefore, do not 
penetrate below 6 inches to an appreciable extent; (2) if the annual man 
temperature renge is 77°F, the range is reduced to 1°F at a depth of about 
13 fect, 

In addition to the reduction in temperature range, with increasing depth 
the advancing temperature wave is very much slowed by bulk wheat, The actual 


temperature records of six 3000-tughel bins in Larned, Nansas shows that the 
minimum temperature at the center of the bin falls about three months behind 
the minimum temperature of the anblent air, (9), The steol tin is 16 ft. 

in Glometer and 16 ft, high and hag no ventilation facility. The average 

maximum difference in teuperatures between the grain, at the center of the 

bin and at a 6} ft, depth, and the ambient air is about 35°F. This is show 
in Table 1, 

Table 1, Seogorebens differential between the grain and the anbiont air, 

3000 bushel vheat bin, no Ro ventilation, 
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From the above discussion, it is evident that the temperature differences 
between the atmosphere and the grain bulk during the winter is very marked, 
Therefore, under normal storage conditions, the temperature within a large 
grain bulk will be determined by (1) the initial temperature when it was 
Placed in storage, and (2) the total mgs of the grain which is largo enough 
to produce sufficient heat to maintain the terporature of grain bulk, as well 
88 to reduce the heat which escapes from the center of the bulk, 


This study consists of two pain experiments, The first experinent was 
to determine the effects of the locations of the hot region to the cold 
region on the transference of moisture and to study the traveling path of 
the water vapor involving in the transfer process, ‘The second experiment 
was to determine the relations betwen the temperature difference and the 
moleture content of wheat and derive the limitations of moisture migration 
in stored vheat. 


Experiment I 


Equipment. Three ofl barrels of the sane construction each containing 
about 460 pounds of hard red winter wheat were placed in an arrangement as 
showm in Fig, 1. Both ends of the barrels wre taken off; After the barrels 
were filled with the wheat, the onds were soaled by a plastic cloth and two 
water cane each holding about 9.7 gallons of water were then fastened to the 
ends of the barrel. One can was ciroulated vith hot water of about 115° FP, 
and the other was circulated with cooling water of about 40° F, Seven sampling 
tubes were provided on the wall of the barrel, Wood stoppers and seoteh tape 
were used to prevent lealmge of vheat and vapor, The barrels and the cans 
were al] wrapped in 2 one inch thermal inowlation cloth, Migure 2 shows the 
construction of barrel A with the cans, The other two barrels were exactly 
the same as thia one, 

The hot water was heated by tvo electric heaters which were autonatically 
controlled by a thermostatic dovice, A aml) centrifugal pump was used to 
circulate the hot water from the hot water tank to osch water can and back to 
the tank, Three check valves were used to control the flow of water to each 
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Fig,l- Diacram showing the exoerimental equinment: A, Barrel A with a 
hot bath at the ton and a cold bath at the bottom; B, Barrel B 
with a cold bath at the tor and a hot bath at the bottom; C, 
Barrel C was nlaced in a horizontal rosition, T-A, T-B and T-C 
are thermocouples of Barrels A, B. and C resnectively. P--water 
pumps. V--valves. 


Fig. 2 = Constroction of the “heat Container 
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cen, Theee valves served as temperature control devices, The temperature 
of the can was regulated by adjusting the valve. 

A refrigerator was used to make the cooling water; it was also therm- 
statically controlled, Pump and check valves vere used also in the cooling 
water system to control water flow and temperature, 

A small sampling probe was made to take 20-gran samples of wheat from 
the barrels, 

Seven thermal couples vere set at the contral line of the barrel, Each 
corresponded to a sampling tube, A potential meter was used to masure these 
temperatures, Ono thermal couple was algo attached to the immer side of each 
water can to read the temperature of the can which was in contact vith the 
Plastic cloth, 

Procedures. About 1500 pounds of wheat was well mixed to obtain a 
uniform distribution of moisture content before 1t wis placed in the barrels, 
The wheat was in good condition, Mine gampiles vere taken off to determine 
the initial moisture content. Moisture content was determined by afr oven 
mothod, ‘Two grama of ground wheat, which was passed through a screen of Mo, 30 
meh, was placed into a forced~ventilation afr oven at 190°+3°O,, drying for 
one hour, The moisture content was expressed as a percentage of the wt 
weight of the sample, Moisture content over 13 percent was determined by 
two-stage drying method, A 20 gram sample was first spread on a tray to dry 
to equilibrium with the surrounding air; the moisture logs was obtained by 
weighing, A gubsample was then ground to determi the remaining moisture, 
The average initial moisture content of uheat in this experiment was 12,0 
percent, 

The temperatures of the cold and hot water were recorded once each day, 
and the average values were then obtained after one week, two weeks, one month, 


two months, and three months of experiment, The data of tenperature and 
noigture of wheat were also taken at these intervals, 

Rests, The moisture content of wimt at the center lines of the barrels 
4, B, and C are show graphically in Pigs, 3, 4, and © respectively, Sach 
point represents the average of duplicate sanples. Figo. 5, 6, and 7 are 
the corresponding wheat temperatures at the time when samples were taken, 
The total average moisture content in each barrel at different intervals of 
time ig shown in Table 2, : 


Table 2, ein aie mciatare Contant Of vkeat tn different harrels at 
different Be 


The gain and loss of moisture content of wheat at a distance one half 
inch from either end of the barrels is show in Table 3, 


Table 3, Moisture gain and loss by the cold and hot wheat at 4 inch from the 


T4r : n by Cold Wheat * Moisture Loss by lot heat, 3 
Days + Bavve) AsRarvel B sBerrel C : Barrel A: Barrel B: Barrel C 

7 0.7 0.7 4e3 9,3 0.6 0.7 2e2 2,2 
14 0.9 0.9 4,8 0.7 2.0 1.7 1.6 1.3 
é 8] 1.5 1.7 82 1.2 2.5 2.3 263 1.9 
& 1.6 13 1,3 3.3 4el 3.5 
90 1.6 1.9 3.7 3.0 
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Fig. 3 - Curves showing 

changes of moist- 
ure content of wheat at 
the center line of the 
Barrel A, 
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Fig. 5 - Curves showing 
changes of 

temperature of wheat at 

the center line of the 


Barrel aS 
* 7 days 
x 1) days 
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Fig. 6 = Curves showing 
changes of 

temnerature of wheat 

at the center line of 

the Barrel B. 
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Fig. 8 = Curves showing 
changes of , 
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Fig. 7 - Curves showing 

changes of moisture 
content of wheat at the center 
line of Barrel C. 
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The average temperature of the water baths are given in Table 4, 


Hot Cera 2Difform: . Cola 2DLffer—: : Cold +Diffor. 
DayelPath OF Path OPlenoe OPiiete OLIN Wranas ohitets OFine. Penn oF 


7 1223.3 433 70.0 132,23 40,8 71,3 112.7 40.5 72.2 
4 1192 4.6 77,6 28,9 42.4 76.5 119.2 41.2 78,2 
30 115.6 40.8 748 115.9 39.9 76,0 115.4 39.9 75.5 
@ 1659 38.5 784 116,9 38,5 78.4 
90 110.2 397.7 72.5 110.3 %4 71.9 
<ihenemnaneeaicenteeenesieensainnetmaencietmneeeeateieesteaaitetaeaeniannephiteestansinieicaipeaitittai 
Barrel C was a foulty installation because the top of the barrel was not 
Completely filled with wheat, ‘This gave a temperature of 115° PF within 35 
inches of the cold end at come 40° FP, With the humidity supplied by grain at 
12 percent, it ig simple to see that the dew point was reached at some point 
near the middle of the barrel. So we hed here a simple case of condensation 
in the cold end of the barrel, Under these conditions the maximm moisture 
content increased as meh as 8,2 percent after 30 days and the wheat ws 
sprouted, This defect wa corrected ani the experiment repented with the 
barrel commlotely filled with wheat. ‘The remlta are show in Table 2, 
interpretation of Regiite. The total average moisture content of the 
wheat increased about 0,5 percent in all three barrels throughout the entire 
course of the experiment, The variations of the total average moisture content 
at different periods of time also indicated that there ws an exchange of wter 
vapor between the interstitial air end the atmosphere, This caused the warn 
wheat to lose ite moisture faster, as compared with the results given by 
Anderson ot al. (1), who maintained the vieet at a temperature difference of 
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60° F, 4n a sealed box, six feet long, im which only 0,€ percent moisture ws 
inoreaged at the cold end after 100 days, ‘The same is true as compared with 
Pratt's experiment (27). He maintained 60° FP, temperature difference in a 
vheat column six fect long. The moisture inoreaged about 0,8 percent at cold 
ond and lost about 1,3 porcent at the hot end after 22 days. 

Pyen Table 1, it can be seen that the deviation of moisture of the wheat 
in the three barrels is not too far apart. If this can be ignored, it is 
evident that the moisture gained and lost by the wheat in Barrels 4 and B 
is no different for the first two weks, Howver, after 30 days to 90 days 
Barrel A shows a more stable change, This is because the warm air remains at 
the top of Barrel A, and carries the wter vapor dam to the bottom by merely 
the diffusion process, Diffusion is such a slow process that it almost did 
not cause any increase during the last 30 days of the exporiment, Barrel B 
is quite a different altuntions it has hot air at the bottom which carries the 
water vapor up to the top through a random path that causes an irregular 
nolature distribution in Barrel B, as show in Pig. 4. 

Barrel C is a special case of the oxperiment. It consists of two tests, 
The first test showed a rapid increase in moisture at the cold end, It ws 
stopped after 30 days because of molding and sprouting of the grain, An 
investigation on Barrel C ghowd that there were air pockets remaining at the 
top of the barrel vhon it was filled with the wheat, Warn air has legs 
resistence through these air pockets than through the interstitial air space, 
When warn air carrying wter vapor reaches a cooler region, it gives up some 
moisture to the cold grain, The interchange usually takes place in vapor form; 
however, when warm air reached ean extremely cold gurface in the storage apace 
much as that alr space in barrel C, air wag cooled dom below ite dew point. — 
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Therefore, the water vapor condensed on the walls of the barre] and dripped 
@owm to the gurfaece of the grain, 

From Fig. 7 it can be seen that after 30 days the rmpid increase of 
grein moisture begins at the middle of the barrel, Obviously, the varn air 
(at 115°F and about 45 percent R.N., this relative Immidity is determined by 
assuming that it corresponds to the grain moisture of about 10 percent at 
warm end) has cooled dow to ite dew point in this section, 

From Fig. & the grain temperature at this section is found to be about 
75° ¥F, Tf a line is draw betwen theas tvo points on a psychronetric chart, 
it can be seen that this is a process of cooling and delumidifying, 

The low vapor resiatance and the condensation of water vapor have caused 
the grain in barre] C to increase its moisture content rapidly at the middle 
section and the cold eni, The explanation can be show b> the results of the 
second test, Th this test three large filling tubes wore added to Darrel ¢, 
and the vheat was vell filled and packed through these tubes, ‘Then the 
experinent was repeated, The results showd a slower change in moisture, as 
compared with the other two barrels, The phenomenon suggests that the bulk 
density of grain also affects the rate of moverent of moisture in a grain 
bulk, 

The temperature curves shown in Figs, 5, 6 and 8 ave all signoid in shape, 
There are no significant differences betwoon these curves, The effect of 
vroon temperature on the center section of the barrel is evident. Sinee the 
experinent started on October 6, the room temperature decreased with atmos 
phere as the time passed, This caused a lowering in temperature at the center 
sections while the tenreratures of cold and hot baths remained the sane, 

The last record was taken on Jamary 6, This showed a raise in grain 
tomporature because the heater in the noighboring room was on, -and the room 
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tempernture in which the barrels were placed increased, 

Fron the peyehrometric chart, 1t can be seen that at any level of relative 
humidity the water vapor pressure and the actual weight of wter varor por 
cubic foot of air increased with increasing temperature, This regulted in a 
novenont of air and the waiter vapor from the hot region into a cooler region, 
The process is either by diffusion or by mass transfer, or both. 

In the transfer of water vapor in a gaseous system, the chen‘cal gubstance, 
water, my be carried by the individual water moleewles moving with vandon 
thermal motion or the motion of molar aggregates carrying a high concontration 
of water vapor. The former is called diffusion and the latter ia called 
convection or mass transfer (11), The difference between these two processes 
is distinguished by the quantity of the moving maga and the speed and path at 
which 1t moves. The factors that determine this latter process depend on many 
variables, auch as temperature difference, vapor resistance of grain, type 
and position of the heating gurface in relation to the cold surface, density 
of the air, ete, 

The most important factor is the tempornture difference which directly 
affects the vapor pressure, i,e, the higher the temperature difference tho 
higher the vapor pressure difference will be, then this difference approaches 
& cortain Value, convection current will set up, Horton, Rogere and Morrigon 
(12 and 19) have developed an expresaion of critical temperature difference 
for convection in porous medium, but whether this expression ean be applied 
for grain bulk or not still remains to be investignted, 

The vapor reaistance of the grain affects the speed with which the wter 
molecules move (3), A tendency of the remiltes existing in this experivent 
that the moisture content of vheat next to the hottest sample gains more 
moisture than the sample second to the hottest. On the other hand, the sample 


next to the e-ldest loses nolsture at first inotead of gaining, The phenozencn 
indicated that a rapid interchange of moisture took p ace where temperature 
gradient was steepest. When warm air carrying water molecules flows to a 
cooler place, the grain vhich coms in contact with this warm and humid air 
at first will absorb more moisture than the grain which is further apart 
from the hot area, ‘The vapor resistance in a grain bulk therefore depends 
upon not only the thickness of the grain bulk but aleo the conditions 
(temperature and moisture content) of the existing grain, 

Coneiudion, From the theoretical analysie an the data obtained fron 

the experiment, the following conclusions may be derived: 

(1) The moisture migration in stored wheat is due te temperature 
difference existing in the grain bulk, 

(2) The process of moisture migration involves three steps: First, 
moisture ig abstracted fron the warm graing gecond, moisture is 
transferred to the cold grain by either diffusion or mase transfer, 
or both; third, moisture is absorbed by the cold grain, 

(3) Tho force that brings about the transport of water vapor, 4.0, the 
second step, is by the difference in water vapor pressure existing 
between the hot grain and the cold grain. 

(4) The speed at which the moisture moves depends on the process it 
takes, iffusion process is mich slower as compared with the 
convection proceas, 

(5) Since the vapor resistance of a grain bulk is unfavorable to the 
conditions for setting up a convection current, it seems feasible 
for this process to take place in a emall grain bin vhere tempera 
ture difference between the center part and the murface of the 


a 


grain bulk is not evident in the winter time. However, mss trans- 
fer may occur in a bin which holds oufficient grain to mintain a 
temperature gradient in during the winter and the early spring 
months, 


Experiment IT 


Equipment, ‘Two grain containers A and B of the same type, but different 
in sige, wre used to test the relation between the temperature differences 
and the moisture content of wheat, Container A hag a diameter of six inches 
and ig twelve inches high, It consists of three different sizes of gain 
strainers which generated the wheat into four concentric, cylindrical layers, 
The strainer wis mee of 1/16 inch hardmre cloth which permite the water 
vapor to pass freely and yet restricts the wheat from mixing together, Fig. 9 
shows the construction of Container A, An electric heating coll waa insorted 
in a 5/8 inch copper tubes the tube wae soldered to the center of the cover 
of the container, A thermocouple measuring the surface temperature of the 
tube was connected to an electronic device which controlled the tenperatare 
of the heating clemont, A variable transformer connecting the heating coil 
end the control device was used to lower the voltage of the power supplied, 
Pig. 10 shows tho wiring diagram of the heating aysten both for containers 
And B, The laboratory belence has an error of about .6 poreent in the 
Getermination of the wight of samples, 

Container B consists of a copper tube of 1 1/8 inches diameter; no 
grain strainer ws used, The heating of] wae placed inaide the tube and the 
temperature control device ws the same as Container 4, ‘The container has a 
Giameter of 12 1/4 inches end is 14 1/2 inches high, Tt holds 50 pounds of 
vheat in test, 
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These tvo containers vere placed in a cold storage during the test. 

The temperature of the sbornge was controlled by a thermostet wiich controlled 
the operation of the refrigerator, 

Erocedures. Equal amounts of vheat were placed in the separate strain- 
ers of Container A, However, 150 to 200 grams of vheat wore added to the 
outside layer in order to bring the wheat to the sam level, The heating 
element was then ingorted into the center layer of wheat, and the cover was 
sealed with electric tape, The container was then placed in tho cold storage 
which maintained a temperature of about 35° F, ‘The temperature of the heat~ 
ing element was set to 55° F, 75° F, 95° F, and 125° F for each partioular 
noisture content of wheat. This made a series of temperature differences 
of 20° F,, 40° F, 60° F and 60° F, respectively, between the ourface of the 
heating tube and the outside surface of the container, 

The initial moisture content of vheat was determined by a Tag Heppenstall 
electric moisture moter and the increage in moisture content after eight days 
of test was calevlated by the increase in weight of the wheat, 

The moisture content, of vheat in Container B was determined by an 
electric molature meter at the beginning and after eight days of test. The 
moisture content of uheat in the ovtaide layer was the average of four samples 
taken at different locations of this layer, 

Regults, Table 5 ghows the reoults of a series of temperature diffor. 
entials against three different levels of moisture content of wheat, Nos, I, 
TI, TIT, and IV in colums 6 and 7 represent the vheat in sections I, II, ITT 
ond IV of the container A respectively, 

Table 6 shows the results of a series of tonperature differentials against 
one level of moisture content of wheat, 
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Table 6, Moisture changes of Container B, 
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Interpretation of Results: In Colum & (logs and gain of moisture) of 
Table 5 the increase end decroage in poreent of moisture content are not 
balanced because the vheat in tho outermost layer wes 200 grams more than the 
inner layers throughout the exporimenta, However, the difference of the total 
Logs and gain ig below %,1 percent and this error, as already mentioned in the 


preceding section, is due to the inaccuracy of the laboratory balance, 

Column € also shows that the chengos of moisture content in Sections It 
‘end ITT axe lesa than 1 percent except for the experiment Nos, 6 and 12, the 
phenomenon is very similar to the actual grain storage where only the extreme 
Cold gurface of the grain has appreciable increas in moisture content, 

Figures 11 and 12 are constructed by plotting the data in Section I and 
TV of Colum &, Thess figures show that for a given level of moisture content 
the increase of moisture in cold grain is in prorortion to the increase of 
temperature differential, The same is trues for the hot grain only that the 
logs of moisture in it is faster than that of the molature gain in the cold 
grin, This result indientes that vhen water vapor leaves the het rogicn, 
it travels along tho touperatur gradient, and the water vapor {9 partly 
absorbed by the grain existing in the path, but most of it ig absorbed by 
the grain vhich is near the coldest portion of the container, 

Figure 13 is obtained by rearranging the data in Fig,.22, I¢ is evident 
that when the amount of free water within the grain is incroaged, the porcont 
of moisture increased duo to temperature differential increases rapidly, 

Tn Fig, 11 1f the moisture content line ig prolonged to intersect the 
horizontal axis, it gives a minicun temperature differential for each 
different level of moisture content, For instance, a moisture content of 
about 12 percent will give a minim temperature differential of about 10° F, 
Thie means that for such a moisture level, the minimum temperature differentia? 
for moisture migration would be 10° F, Hower, this interpretation ean only 
be applied in euch a laboratory setting, because the ancunt of mofsture that 
can be transferred depends not only on the grain moisture but aleo on the tine 
that the tomporatre diffevential 1s maintained, Furthermore, it ig also 
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Fig. 11 Net Increase of Moisture Content of Wheat at 


Different Temperature Differentials and Initial 
Moisture Contents. 
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Fig. 12 Net Decrease of Moisture Content of Wheat at 


Different Temperature Differentials and Initial 
Moisture Contents, 
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Net Increase of M. C. in Cold Grain, % 


Initial Moisture Content, % 


Fig. 13 Curves shoving the Relations of Initial Moisture Content 
of Wheat, Temperature Differential, and the per cent of 
Moisture Increased for a Grain Bulk of about 5.7 lbs. and 
a Duration of 8 Days. 
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affected by the distance betwen the highest temperature and the lowest 
temperature, as well as by the mass of the warn grain, 

An attempt has been made to investigate the effects of those several 
factors to the moisture migration, Unfortumately, this needs considerable 
time and a careful design of the testing equipment, The date secured from 
the oxperiment of the Container B is not enough to make comparisons with 
Container A, However, from Pig, 13 ome can see that the moi«tare ni¢ration 
is so slow at the low moisture content and low texnporature difference that 
even the cold grain was only three inches apart from the warm grain, The 
net inercase of moisture content does not exceed 0,5 per cent in a period of 
eight days, This suggeste thet the moisture migration can be prevented by 
using ventilation facilities to reduce the temperature difference within a 
grain bulk. 


RECOMMENDATIONS FOR FURTHER STUDY 


There are cortain factora that need to be detersined in omler to esti- 
mate the number of days it will take to cause a harnful moisture accumation 
for a certain quantity of grain mass under a given initial moisture content 
and temperature differential, These are: (1) The effects of the horizontal 
and vertica) distances between the warmest grain and the coldest grains (2) 
The effect of the temperature range to the rate of moisture movement; (3) The 
Gaiiy increase of the moisture content for each moisture level and temperature 
differential; (4) The ratio of the mass of warm grain to cold grain with 
relation to the amount of roisture accumlation, Knowing these factora, 
would make it possible to determine a minimum rate of air flow whieh will 
Prevent tho moisture migration of grain storage, However, if all these 
factors are ignored, Fig, 13 may serve as a guide in designing a ventilation 
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syston for a grain storage to prevent the moisture migration, It should be 
noticad that Fig, 13 1a for a grain mags of about six pounds and a horizontal 
Gietance of three inches from varmest grain to the ecldest grain, and vith 
the varm grain about equal to the cold grain, 


CONCLUSION 


The data obtained from this experiment support the following conclusions: 

(1) Tf one part of the grain bulk is warm and another part is cold, 
the coldest grain absorbs most of the moisture that is lost by the warmest 
grain, The incrage of moisture content in the middle section of the grain 
bulk is seldom larger than one pereent through a period of eight days, ‘this 
may be applied to the actual wheat stornge of any size without appreciable 
error, | 

(2) When the temperature differential increases, the rate of moisture 
noverert is increased, The relation of those tvo variables is a straight 
line within the ranges of 20° to 60° F, tonperature differential and moisture 
level fron 10 percent to 20 percent. 

(3) Moleture migration can be reduced by reducing the temperature 
difference existing in the grain bulk, Since the process is rather alow, 
it 1g reasonable to estimate that a tenperature difference of 10° P, will 
not cause a harmful hagard in a grein bin of 5000-bushel capactty under 
normal conditions throughout the winter season, 

Method of Prevention of Moisture Migration: Several methods have been 
suggested in the prevention of moisture migration in stored syain, These are: 

(1) Turning the grain during its period of storage, 

This is the major method in preventing the moisture migration, 


used by most of the ouners of the large-capacity elevators in the past and 

at the present time, ‘The advantage of turning the grain is the uniformity of 
the grain temperature and moisture distribution throughout the bin, The method 
of taming is to transfer the grain from one bin to the other, In a large 
elevater, this requires a stand-by or auxiliary bin and a set of equiment for 
conveying grain into and out of the bing, ‘In extremely cold weathor, repeated 
transfers are necessary for effective cooling, though other methods, such as 
“cold blasting", or ruming the grain through the outside cold winter alr may 
bring ites temperature dow to within a few degrees of the outside air, 

(2) Drawing air downward in the bin, 

This method of preventing moisture migration 1s designed for eliminating 
the upward effect of the warm air in tho center of the grain bulk, A large 
capacity fan is installed on the ground and several ventilation holes are 
provided at the top of the bin, Air is draw out of the bottom of the bin and 
tho fresh air coms dow fron the top, This method has been used more in 
flat storage vhere grain depthe are in the order of 10 to 12 feet, However, the 
effectiverncas of this method is still in thee:perimental stage. 

(3) Eliminating tenperature differential, 

Using a amall capacity fan to ventilate the grain has been experimentally 
found (9) to be effective in preventing the moisture migration during the 
winter g@sagon, Tho object of ventilation is to eliminate the temperature 
differential between the grain bulk and the atmospheric air, By using the 
temperature and humidity control devices, a selective air temerature and 
relative humidity automatically and intermittently ventilates the grain 
throughout the seasons, This method of preventing the moisture migration 
appears to be most economical and effective in those bins of 3,000-bushel 
capacity, 


(4) Selling the top foot. 

Som grein storage owmers who do not have grain turning equipment and 
ventilating facilities have found it a good idea to sell the top layer of 
their grain before it has time to spoil or become damaged, Howaver, this is 
not a basic method of solving the moisture migration problem. 

(5) Raking the surface grain, 

Dry air is a factor of reduaing the moisture migration, Relative hunidity 
of 10 percent hes been reported in Kansas, Raking the gurfuce grain will 
help to aecolerate the rate of moisture evaporation in the dry days, thus 
preventing the hazard of excessive moisture accumulation, 

(6) Using the vapor-proof meterial, 

This is a new propose in preventing the moisture migration in stored 
grain, Tho method is to place some vapor-proof paper in the grain bulk to 
separate the grain inte several layers, so that the moisture can not be trane- 
ferred fron one layer to the other when texperature differential existe in the 
grain bulk, 
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Because of the mass productions of wheat and the expansion of trade of 
grain elevators there has been a tendency in recent years to increase capacity 
of grain atorage structures, With larger units of storage has com unexpected 
trouble because of moisture migration in stored grain, The phenomenon has 
been found frequently in large grain bulk and is particularly serious in the 
winter, The increase in moisture due to moisture migration at the cold surface 
can be of sufficient magnitude to cause grain heating, and mold, and large 
logses have been reported, 

Owing to the low thermal conductivity of the grain bulk, the advancing 
temperature wave is alowed go much by bulk wheat that the maximm tomporature 
at 6 foot-depth of the bulk may fall behind tho maximum atmospheric tempera- 
ture by about three months, As winter comes, grain near the walle and roof of 
the bin beeones cooler than grain in the center part. A maximm temperature 
Gifference thus cecurs at this time or in the early spring, 

Grain is a Biocolleid material with organiged structure, It absorbs or 
gives up moisture in accoriante with the changes of atmospheric temperature 
end relative Inmidity, The force that brings about this process is the vapor 
pressure difference, When vapor pressure within the grain ia higher than that 
of atmospheric pressure, it gives up moisture, and when its vapor pressure js 
less than that of atwospheric pressure, it absorbs moisture, With this nature 
of grain, it should be expected that a change of grain moisture will occur 
vhen the surrounding temperature changes, That is, when a temperature difforencee 
exists ino grain bulk, there should be a different moleture distribution of 
the grain, 

Moisture migration has been found as « result of temperature differences 
which cccur in a grain bulk, However, there is argument on the problem of the 


path of which the wter vapor moves in a grain bulk. Some writers suggest 
that the result is due to diffusion, while other describe it as a remit of 
convection current, This study 15 intended to clarify this argument and to 
determine the effect of the temperature differontial on the moisture migration, 

In tho first experiment, three grein containers, A, B, and ©, wore used 
to determine the effect of the positions of the cold region with respect to 
the hot region, Container A has a hot bath at the top and a cold bath at 
the bottom; Container B hae a hot bath at the bottom and a eald bath at the 
tops Container C was placed in a horizontal position with water baths at each 
erd, A temperature differential of about 74° F wae maintained in each con~ 
tainer, “ith such en arrange-ent it should be expected to have a different 
rate of moisture movement in each containers, For, in the first cass, it — 
would bo impossible to create a convective currents the second onse would 
favor a convection process, wille the third case would be either a diffusion 
or convection or both. 

The duration of the experinent was three months, At the end of the 
second week the pervent of moisture increase at 1/2-inch from the cold end of 
the containers A and B showed no difference, At the enme tine the moisture 
increase in Container C was about four tines ag much ag that in Containers 
4 and B, 

From the results of this experiment 1¢ oan be concluded that both diffusion 
and convection could occur in a grain bulk, One important factor that effects 
the process is the magnitude of the vapor meistence of the bulk grain, The 
higher the resistance, the lower is the rate of moisture movement, Temperature 
gradient ig also important in determining a process of convection or diffusion, 
Tt should be expected that for different levels of moisture content of vieat, 


there ghould be a different critical temperature differential for building 

up a convection current in such « porous medium as grain, Other factors that 
effect the convection are the geometry of the container and the relative 
roattions of the hot end cold grain, These factors present interesting problene 
for further study. 

In the secon! experiment, two containers, A and B, of the sane type but 
different in sige were used to test the relation between the temperature 
differences and the moisture content of wheat, Container A has a dianoter 
of 6 inches and is 12 inches high. It holds about 6 pounds of vheat, Con- 
tainer B has a diameter of 12-1/4 inches and is 14 inches high, 4n electric 
heating coil we inserted at the senter of each container, Temperature of the 
heating clement was controlled by an electronic tenporature controller, These 
containers wore placed in a cold storage with a constant temperature of about 
35° F, and the required temperature differential was obtained by reiaing the 
temperature of the heating element, The temperature differentials used in 
thie experiment were 20°, 40°, 60° and 60° F for throe different levels of 
moisture content; namely, 11.64, 15.5, and 29 percent, 

Container A consisted of three separate grain containers which wore made 
of 1/16~inch hardware cloth, ‘These containers separated the wheat into four 
concentric, cylindrical layers, each layer veighing 60° grams, The outernost 
layer wag 200 grams more than the inner layers, The increase of moisture 
content after a duration of oight days vas calculated by the anount of weight 
increase, Container B had no grain separator, and the moisture content was 
determined by « Tag Heppenstall electric moisture meter, 

The results of tvelve tests in Container A indicated that the moisture 
increased in the cold grain directly proportional to the temperature difference, 


However, for a given temmerature differential the acowmilation of moisture in 
the cold grain increased rapidly when initial moisture content is above 
15 porcont wet basis, 

The reaulte of four tests in Container B did not show a great moisture 
movement as cospared with the first four teste in Container 4, It is not 
accurate to use electric moisture meters to determine the moisture content in 
gach an experiment, Therefore, a further study is required in order to make 
Comparisons between containers A and B, However, one may conclude from the 
experimental data that the coldest grain absorbs most of the moisture fron 
the hottest grain, regardless of how big the grain bulk ig; that the moisture 
migration is a slow process; that even a laboratory scale as Container A, it 
takes eight days to increase about 0,2 percenb of moisture under ea constant 
temperature difference of 20° F and an initial moisture content of 11 percent, 
The data also show that the rate of movemsnt is increased by decreasing the 
tesporature difference, This means that the moisture migration could be pre~- 
vented by cooling the warm grain, 

Since the problem of “whet temperature difference in grain bulk is re- 
quived to cause a moisture accummlation on the cold grain", involves not only 
the relation of temperature difference and the moisture content of the grain, 
but algo the ratio of the mage of the warm grain to the cold grain, there- 
fore, a further study on the effects of thease factors is recomended, 

Several methods of preventing the moisture migration have been suggested, 
They are: 


2 

3) Eliminating temperature differential, 

the top foot before it has time to spoil, 
the surface grain, 

6) Uaing the vaporproof material, 


